Abstract. Epithelial ovarian cancer (EOC) is the most common cause of gynecological cancer-related mortality. Clear cell EOC (cEOC) has a number of clinical features distinguishing it from other EOC because of frequent concurrence of endometriosis and highly chemoresistant nature resulting in a poor prognosis. Recent biochemical studies based on genomewide expression analysis technology have noted specific expression of a transcription factor, hepatocyte nuclear factor-1ß (HNF-1ß), in cEOC and genetic alteration may be involved in oxidative stress. We describe the HNF-1ß-dependent pathophysiology of cEOC and discuss its role in oxidative stress-induced carcinogenesis. A systematic search was performed in the electronic databases PubMed and ScienceDirect up to July 2009, combining the keywords, genome-wide, microarray, epithelial ovarian cancer, clear cell carcinoma, oxidative stress, and detoxification, with specific expression profiles of genes. The catalog of cEOC-specificity might be a manifestation of six essential alterations in cell physiology: oxidative stress and detoxification, proteases, signal transduction, adhesion, transcription, and metabolism. Among 54 genes highly upregulated in cEOC, 47 genes (87.0%) were associated with the redox-related genes. Several important cEOC-related genes overlap with those known to be regulated by HNF-1ß. Twenty-two (40.7%) of the 54 genes predominantly identified in cEOC were involved in downstream targets of HNF-1ß. The HNF-1ß-dependent pathway might provide new insights into regulation of glycogen synthesis, detoxification and resistance to anticancer agents. This review summarizes recent advances in the understanding of oxidative stress and antioxidant mechanisms in pathogenesis of cEOC. A redox-sensitive subset of cEOC genes linked to oxidative and detoxification pathways was identified and associated with HNF-1ß-specific downstream targets.
Introduction
Epithelial ovarian cancer (EOC) remains the most lethal form of gynecologic cancers worldwide. The four morphologically defined EOC subtypes, serous, endometrioid, mucinous, and clear cell carcinomas, encompass the vast majority of EOC. They have been generally believed to originate from ovarian surface epithelium, cortical inclusion cyst, peritoneal mesothelium, or the fallopian tubal fimbria (1) . Recent progress in pathophysiology, biochemistry and molecular biology has revealed many genetic and epigenetic alterations as well as several genetic networks and signaling pathways that are considered to be involved in the development and progression of EOC (2) . A number of genetic alterations are frequently encountered during EOC tumorigenesis, including oncogenic activation of KRAS (v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog), BRAF (v-raf murine sarcoma viral oncogene homolog B1), PI3K (phosphatidylinositol 3-kinase)/Akt (v-akt murine thymoma viral oncogene homolog) and Wnt (winglesstype MMTV integration site family)/ß-catenin/Tcf pathways, and silencing mutations of TP53 (tumor protein p53), RB (retinoblastoma) and PTEN (phosphatase and tensin homolog) (2, 3) .
Kurman et al has recently proposed a model of ovarian carcinogenesis (2) . Similar to uterine endometrial carcinoma, this model divides EOC into two groups designated type I and type II. Type I tumors are slow growing, low-grade EOC and show stepwise progression as an adenoma-carcinoma sequences. They are often characterized by mutations in KRAS, BRAF, PTEN and ß-catenin genes (3) . For example, low-grade serous-type EOC (sEOC) carry mutations frequently in KRAS or BRAF genes. Endometrioid-type EOC (eEOC) are predominantly related to PTEN mutation and concomitant activation of the PI3K/Akt (4) and sometimes Wnt/ß-catenin/ Tcf pathways (4) . KRAS mutation or single nucleotide polymorphism (SNP) in KRAS and BRAF are relatively common in the mucinous-type EOC (mEOC) (5, 6) . There is one study showing that clear cell-type EOC (cEOC) may have an activating mutation of PIK3CA (phosphoinositide-3-kinase, catalytic, ·-polypeptide) (7) . However, the molecular mechanisms that underlie the pathogenesis of cEOC remain largely unknown. In contrast, type II tumors are rapidly growing and do not have recognizable precursor lesions such as adenomas. High-grade sEOC showed mutations of p53 and BRCA1/2 and a high level of genetic instability (3) . Type II tumors account for most EOC.
The incidence of cEOC has been steadily increasing in Japan. They comprise >20% of all EOC (8) . cEOC has a number of clinical features distinguishing it from other EOC because of its complication of thromboembolism and frequent concurrence of endometriosis, and highly chemoresistant nature resulting in an extremely poor prognosis. cEOC involves various putative precursor lesions including atypical endometriosis or borderline adenofibroma (9, 10) . Thus, it is likely that cEOC belong to type I tumors. Successful animal models may substantiate the role of genetic alterations in human EOC. The majority of the models result in EOC with histological similarity to sEOC and eEOC. However, animal models designed for other types of EOC are lacking (11).
Specific expression of stress-related genes in cEOC
Recent developments in the molecular biology of cEOC support the hypothesis that cEOC has a distinct gene expression profile relative to other EOC histotypes (12) . Many genes preferentially overexpressed in cEOC have been identified so far (13) . In the reviews reported previously (8, 12) , they summarized the specific gene expression profiles and the current knowledge on the new therapeutic targets and treatment strategies for cEOC. There are 54 genes highly upregulated in cEOC (Table I) .
The catalog of cEOC-specificity is a manifestation of six essential alterations in cell physiology: oxidative stress and detoxification, proteases, signal transduction, adhesion, transcription, and metabolism (8, 12) . The expression of the genes involved in detoxification (n=12), proteases (n=9), cell signaling (n=7), adhesion (n=5), transcription (n=4), metabolism (n=4), cell cycle (n=3), matrix (n=3), and others (n=7) was specifically increased in the cEOC carcinogenesis. The biological function of these genes is considered to be associated with glycogen synthesis, chemoresistance, and anti-apoptosis. Among 54 genes highly upregulated in cEOC, 47 genes (87.0%) were associated with the redox-related genes (8, 12, 13) (Table I and Fig. 1 ). We found that the vast majority of genes that increased in cEOC overlap the oxidative stress-related genes. These gene profiles might distinguish between cancers in a validation series of cEOC versus other histological types. Recently, Mandai et al has reported that the classification of the genes represents those involved in oxidative stress and inflammation, indicating that this cancer specifically expresses stress-response genes (14) . These data allow us to speculate that retrograde menstruation or ovarian hemorrhage carries highly pro-oxidant factors, such as heme and iron, into the peritoneal cavity or ovarian endometrioma. Even a histologically normal ectopic endometrium might bear genetic damage caused by oxidative stress. DNA damage or loss of heterozygosity (LOH) caused by oxidative stress may be a critical factor in the carcinogenic process. These data support the hypothesis that several significant common pathways observed in cEOC overlap the datasets identified in genes involved in oxidative stress and detoxification pathway.
Pro-oxidative and antioxidative balance in cEOC
Reactive oxygen species (ROS) include superoxide anion, hydrogen peroxide, and hydroxyl radicals (15) . Oxidative stress results when production of ROS exceeds the capacity of cellular antioxidant defenses to remove these toxic ROS (16) . Excess ROS can cause oxidative stress leading to damage to proteins, lipid, DNA, cell membrane, and cells by numerous carcinogenic DNA mutations or loss (17, 18) . ROS function as a second messenger of signal transduction involved in inflammation, cell cycle, signal transduction, coagulation, fibrinolysis, extracellular matrix turnover, and can subsequently injure the cells (19) . Oxidative stress has been implicated in a variety of human diseases, including cancer, atherosclerosis, diabetes, cardiovascular disorders, neurodegenerative diseases, pulmonary fibrosis, liver diseases, AIDS, and aging (20) .
Epidemiological studies have linked environmental factors such as diet and lifestyle to these disorders. The number of studies reporting adverse effects of oxidative stress on several types of cancer is growing rapidly (21) . Oxidative stress Figure 1 . Genes highly expressed in clear cell carcinoma of the ovary. The expression of the genes involved in detoxification, proteases, cell signaling, adhesion, transcription, metabolism, cell cycle, matrix, and others was specifically increased in the cEOC carcinogenesis. Among 54 genes highly upregulated in cEOC, 47 genes (87.0%) were associated with the redoxrelated genes. Twenty-two (40.7%) of the 54 genes predominantly identified in cEOC were involved in downstream targets of HNF-1ß. Table I . The genes highly expressed in clear cell carcinoma of the ovary. contributes to tumor initiation, development and progression by inducing genomic instability. ROS are initially regulated by the action of antioxidants which convert ROS into an inactive state. Carcinogenesis is associated with oxidative stress due to elevation of ROS or insufficient ROS detoxification. Therefore, to protect chronic oxidative stressinduced genetic instability and subsequent cell damage, cells can constitutively express genes that neutralize ROS and repair and replace the damage caused by ROS (17) . The representative antioxidant proteins identified in the cEOC include glutathione S-transferases, peroxidases, and superoxide dismutases, and activation of protective genes, including those encoding the heat shock proteins (8, 12, 13, 22) . On the contrary, enhanced antioxidant mechanisms have been implicated in chemoresistance and lead to poor prognosis (23) . ROS effects can be silenced by high concentrations of antioxidants, whereas in some cells with damaged mitochondria, the opposite effect is possible (24) . Interestingly, antioxidant expression is sometimes correlated to higher tumor grade/stage, chemotherapy/radiation resistance, and poor prognosis (25) . Elevation in the expression of anti-oxidant SOD2 is associated with an increased frequency of tumor invasion and metastasis in certain cancers (26) . These data suggest that significant impairment of the redox balance contribute to the development of an aggressive subset of primary cEOC.
In this review, we for the first time shed more light on their roles in the redox system in cEOC. The present review revealed that the following are the representative genes involved in oxidative stress and detoxification in cEOC.
Genes involved in oxidative stress and detoxification in cEOC
Transcription factors. We explore the possibility that the following transcription factors are involved in oxidative stress. Included are HNF-1ß, polo-like kinase (PLK), octamer-binding transcription factor (Oct), and paired box gene 8 (PAX8). Table I . Continued. 
The genes highly expressed in cEOC that have been identified by microarray gene expression profiling (8, 12) . A, oxidative stress-related genes; and B, downstream targets of HNF-1ß.
Hepatocyte nuclear factor-1ß (HNF).
At the stage of liver and renal development, differentiating cells acquire the induction of HNF target genes encoding proteins required for cell proliferation, differentiation, gluconeogenesis, and glycogen synthesis (27) . A central role for HNF-1 in controlling cell proliferation, anti-apoptosis, and glucose homeostasis was established in the study by using an HNF-1-null mouse model (28) . Other than cell differentiation and glucose regulation, the previous studies have demonstrated the HNF-specific biological function. For examples, HNF-1 plays a role in liver gene regulation via oxidative stress during Hepatitis C virus infection. Hepatitis C virus is known to induce hepatic oxidative stress (29) . Oxidative stress associates with gene reprogramming and activation of some transcription factors, in particular HNF and nuclear factor-κB (NF-κB). Viral and bacterial infection-mediated oxidative stress induce antioxidant proteins via activation of HNF (29, 30) , suggesting that HNF-1 affects and promotes the integrity of the cellular defense system against oxidative stress (31) . A redox-sensitive kinase pathway targets HNF-4· to augment iNOS expression via activation of HNF-1. Nitric oxide (NO) serves antioxidant functions in settings characterized by oxidative stress such as sepsis (30) . Interestingly, Liu et al have reported that downregulation of HNF-1ß expression in ovarian cancer cells increased cisplatin-or paclitaxel-mediated cytotoxicity (32) . However, the redox-sensitive mechanisms regulating HNF-1 expression in cancer are largely unknown.
Polo-like kinase (PLK). HNF can induce upregulation of PLK expression through the Forkhead box (Fox) family of transcription factors (33) . PLK is involved in the regulation of DNA damage checkpoint as well as in M-phase function (34) . It binds to chromatin and suppresses the ATM (ataxia telangiectasia-mutated)/ATR (ATM-Rad3-related)-dependent intra-S-phase checkpoint (35) . Genotoxic stresses including ROS activate PLK through Chk2 (34), promoting genome stability by regulating DNA replication under stressful conditions (35, 36) . Thus, PLK is required for mitosis progression under oxidative stress (35) .
Octamer-binding transcription factor (Oct). Oct gene is expressed as early as in the preimplantation embryo and may regulate early events of murine development (37) . This transcription factor recognizes cellular stress. Oct-deficient fibroblasts were hypersensitive to hydrogen peroxide and harbored elevated ROS (38) , suggesting that Oct modulates the activity of genes important for the cellular response to oxidative stress. Thus, Oct may play an important role in controlling gene expression under the oxidative stress condition. The human UDP glucuronosyltransferase (see below), UGT2B7, promoter activity was stimulated by cotransfection with HNF-1· and Oct-1 simultaneously (39) .
Paired box gene 8 (PAX8). PAX8, a nuclear protein, is involved in thyroid development and expression of thyroidspecific genes. Mutations in this gene have been associated with thyroid carcinomas. It is also involved in early nephrogenesis during embryogenesis, together with HNF-1ß (40) . PAX8 is one of the ROS scavenging proteins and controls the intracellular redox state by inhibiting the ROS production (41) . PAX8 DNA-binding activity has been controlled by Ref-1 (redox effector factor 1) (42), which protects cells from oxidative stress (41,43) .
Adhesion. Some of the HNF-1ß target genes are related to cell adhesion. These are ephrin, tumor-associated protein mucin 1 (MUC1), galectin-3, human kidney injury molecule (hKIM-1), and sperm protein 17 (SP17).
Ephrin. Ephrin B was upregulated in an alteration of genes related to oxidative stress (44) .
Tumor-associated protein mucin 1 (MUC1). MUC1, overexpressed by human carcinomas, regulates FOXO3a (forkhead box O3a), a member of the forkhead family of transcription factors. This mucin confers a protective function against oxidative stress-induced apoptosis possibly through suppression of activation of the PI3K-Akt pathway. MUC1 thus induces oxidant scavenging and DNA repair (45) .
Galectin-3. Galectin-3 is a galactoside-binding protein implicated in induction of oxidative stress, production of proinflammatory cytokines and ROS production, an ischemicreperfusion injury, apoptosis, promotion of neutrophil adhesion, mastocyte migration and degranulation (46, 47) . Upregulation of this protein is necessary for regulation of unique sets of genes involved in tumor progression. Galectin-3 binds cancer cell surface MUC1, causing clustering of MUC1 and promoting cancer cell adhesion to endothelium (48) . Thus, galectin-3 might play a role in oxidative stress, carcinogenesis and malignant transformation (46, 47) .
Human kidney injury molecule (hKIM-1).
Oxidative stress is involved in nephrotoxicity (49) , which was associated with upregulation of several candidate genes including kidney molecule injury (KIM-1/Havcr1), osteopontin (Spp1), fibrinogen-· polypeptide (Fga), insulin-like growth factor binding protein 1 (Igfbp1), and glutathione S-transferase (Gst) (50) . Some investigators highlighted the importance of ROS in renal pathophysiology and the intriguing possibility for a role of antioxidants in the prevention of and/or protection from renal injury (51) .
Sperm protein 17 (SP17). SP17 plays a role in the metastasis and resistance of cEOC to chemotherapy (52) .
Signal.
A majority of genes related to signal transduction pathways are target genes of HNF-1ß. These are mammalian target of rapamycin (mTOR), activated Cdc42-associated kinase (Ack1), WW domain-containing oxidoreductase (WWOX), N-myc downstream regulated gene 1 (NDRG1), ras homolog gene family (RHOB/ARHB), and stratum corneum chymotryptic enzyme (SCCE/SLPI).
mammalian target of rapamycin (mTOR). H 2 O 2 induces phosphorylation state of the kinases mTOR, Akt, GSK-3ß and ERK1/ERK2, suggesting that H 2 O 2 alone regulates cell apoptosis (53, 54) .
Activated Cdc42-associated kinase (Ack1). Ack1 is a Cdc42-regulated kinase. Its overexpression is associated with tumorigenesis (55) .
WW domain-containing oxidoreductase (WWOX). Wwox is an Ack1 interacting partner and participates in a number of cellular processes including tumor growth (56) .
N-myc downstream regulated gene 1 (NDRG1)
. ROS may trigger signaling pathways resulting in the activation of the hypoxia-inducible factor (HIF)-1 transcription factor and up-regulation of hypoxia-related genes (57) . NDGR1, also a downstream target of HIF-1, is induced by cell stress conditions, such as DNA damage and hypoxia and is overexpressed in cancer hypoxia (58) .
Ras homolog gene family (RHOB/ARHB). Ras homolog gene family, member B (Rhob) is one of the hypoxia-related gene family (59).
Stratum corneum chymotryptic enzyme (SCCE/SLPI). The stratum corneum chymotryptic enzyme (SCCE) is a serine protease of the kallikrein family. Increased expression of SCCE in keratinocytes after ultraviolet B (UVB) irradiation contributes to desquamation of the stratum corneum (60) . UVB-induced DNA damage and oxidative stress play an important part in this.
Protease. The following proteases are involved in oxidative stress. These are dipeptidyl peptidase IV (DPPIV), angiotensin converting enzyme 2 (ACE2), collectrin, matrix metalloproteinase (MMP), tissue inhibitors of metalloproteinase-1 (TIMP-1), nucleoside phosphorylase (NP), and protein tyrosine phosphatase, receptor type, M (PTPRM).
Dipeptidyl peptidase IV (DPPIV).
DPPIV is a downstream target of HNF-1ß. The management of type 2 diabetes mellitus focuses on correcting dysglycaemia to reduce risk for vascular complications, possibly by reducing glucose-mediated oxidative stress. Apart from the currently used antidiabetic agents such as insulin, a number of new therapeutic agents are undergoing clinical development, including DPPIV inhibitors (sitagliptin and vildagliptin) (61) .
Angiotensin converting enzyme 2 (ACE2).
The cardiomyopathy in ACE2 null mice is related to increased oxidative stress and neutrophil infiltration (62) , suggesting that ACE2 suppresses oxidative stress-mediated cardiomyopathy, neutrophil infiltration, and mitogen-activated protein kinase (MAPK) activation.
Collectrin. Heterozygous HNF-1 mutations cause pancreatic-islet ß-cell dysfunction and monogenic diabetes (maturity-onset diabetes of the young subtype 3, MODY3). Collectrin is downregulated in MODY3 (63) . The collectrin knockout mice exhibit increased insulin sensitivity. There is accumulating evidence of ROS-induced damage in insulin resistant cardiomyopathy (63) .
Matrix metalloproteinase (MMP).
Matrix metalloproteinase-2 (MMP-2), MMP-9, and urokinase-type plasminogen activator (uPA) are important factors for cancer invasion and metastasis. Association between pathogenesis of the cancer and oxidative stress has been well recognized. Oxidative stress affects several functions in cancer cells, such as cell proliferation, promotion of genetic instability, alterations in cellular sensitivity to anticancer agents, invasion, and metastasis through activation of MMPs (64) .
Tissue inhibitors of metalloproteinase-1 (TIMP-1). ROS influence the balance of MMP and tissue inhibitors of matrix metalloproteinases (TIMP) (65) . Oxidative stress mediates cardiomyopathy by stimulating transforming growth factor (TGF)-ß1 expression, possibly via upregulation of TIMP expression (66) . TIMP-1 can also serve as an indicator of endothelial dysfunction in an animal model of oxidative injury (67) .
Nucleoside phosphorylase (NP). The role of nucleoside phosphorylase (NP) is to cleave inosine, deoxyinosine, guanosine, and deoxyguanosine to their corresponding base and sugar 1-phosphate. Data exist suggesting the possibility of a connection between NP and glutamateinduced cell death through oxidative stress-related signaling cascade (68) .
Protein tyrosine phosphatase, receptor type, M (PTPRM).
The non-receptor protein-tyrosine phosphatases (PTPs) have been implicated as negative regulators of multiple signaling pathways including receptor-tyrosine kinases (69) . For example, PTPs inhibit the function of the HGF receptor, the Met receptor-tyrosine kinase. HGF can inhibit HNF-induced gluconeogenesis through upregulation of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) gene expression (70) .
Detoxification. The results of our review strongly showed an overlap of the proteins involved in the redox regulation and the HNF-1ß downstream targets specifically detected in cEOC. Detoxification family proteins are involved in various biologic processes by regulating the response to oxidative stress (71) . Anti-oxidative and redox-sensitive genes include glutaredoxin (GLRX), glutathione peroxidase 3 (GPx3), thiosulfate sulfurtransferase (rhodanese) (TST), superoxide dismutase 2 (SOD2), ATP-binding cassette, subfamily C (CFTR/MRP), member 3 (ABCC3), ATP-binding cassette, subfamily F (GCN20), member 2 (ABCF2), solute carrier family 16 member 3 (monocarboxylate transporter) (SLC16A3), and annexin A4 (ANXA4).
Glutaredoxin (GLRX), glutathione peroxidase 3 (GPx3), thiosulfate sulfurtransferase (rhodanese) (TST), and superoxide dismutase2 (SOD2).
They play a central role in eliminating oxidative stress (71) . The GSH/glutaredoxin (GRX) system is predominantly involved in the redox regulation in cEOC. This system protects cells from H 2 O 2 -induced apoptosis (72) . Many antioxidative and redox enzyme genes are overexpressed and aggressively protect cancer development and progression (73) . However, a certain glutaredoxin, nucleoredoxin (NRX), has been reported to regulate the Wnt/ß-catenin pathway, which promotes cell survival and progression (74) .
ATP-binding cassette, sub-family C (CFTR/MRP), member 3 (ABCC3), ATP-binding cassette, sub-family F (GCN20), member 2 (ABCF2), solute carrier family 16 member 3 (monocarboxylate transporter) (SLC16A3), and annexin A4 (ANXA4).
The ROS-induced injury upregulates annexin A4 (75) . ATP binding cassette (ABC) transporters are ATP-dependent membrane proteins predominantly expressed in liver, intestine, kidney, and placenta (76) . ABC transporters protect the cells by pumping out toxicants and harmful products of oxidative stress (76) . The toxic metals including Fe 2+ can be also exported from the cells (77).
Others. The following genes are also involved in oxidative stress. These include excision repair cross-complementing (ERCC1/XPB), cyclin E, kinesin family member C3 (KIFC3), cyclin-dependent kinase inhibitor 1A (p21), ß-tubulin class III, osteopontin (OPN), laminin-5 (LN-5), collagen, type IV, ·2 (COL4A2), fibroblast growth factor receptor 4 (FGFR4), and BRCA1 tumor suppressor gene.
Excision repair cross-complementing (ERCC1/XPB).
The nucleotide excision repair enzyme ERCC1/XPG protein has DNA glycosylase activity on DNA substrates containing oxidized pyrimidine residues (78) .
Cyclin E. Oxidative stress induces cell proliferation and differentiation. Oxidative stress resulted in expression of cyclin E, CDK2, p53 and p21 proteins, suggestive of deregulated cell cycle and genomic instability.
Kinesin family member C3 (KIFC3). Kinesin is a microtubule-dependent intracellular motor involved in the transport of organelles, vesicles, proteins, and RNA to specific destinations (79) . This protein uses chemical energy from ATP to create movement within cells. SOD leads to an increase in expression of kinesin protein.
Cyclin-dependent kinase inhibitor 1A (p21). p21 mediates the p53-dependent cell cycle G1 phase arrest in response to a variety of stress stimuli including oxidative stress. The expression of Bax, p53 and p21(WAF1/CIP1) increased, whereas the expression of Bcl-2 decreased in tumor cells treated with H 2 O 2 .
ß-tubulin class III. The microtubules are dynamic polymers composed of tubulin heterodimers, and they form the mitotic spindles, which are known to introduce the replicated DNA molecules to the respective daughter cell (80) . ß-tubulin class III has been discovered as a marker of drug resistance in human cancer.
Osteopontin (OPN). Osteopontin modulates inflammation, oxidative stress, and fibrosis. It is a secreted glycoprotein that has been implicated in several renal pathological conditions such as those due to oxidative stress, ischemia and toxicity (81) .
Laminin-5 (LN-5).
Oligodendrocyte death occurs in many disorders of the central nervous system, including multiple sclerosis and brain trauma through oxidative stress (82) . Astrocytes promote oligodendrocyte survival through a mechanism involving the interaction of integrin on oligodendrocytes with laminin on astrocytes.
Collagen, type IV, ·2 (COL4A2). Bone morphogenetic protein-7 (BMP-7) protects kidneys from oxidative stress involved in diabetic nephropathy (83) . BMP-7 also protects mesangial cells from oxidative stress. The antioxidative activity of BMP-7 was due to inhibition of some signaling pathways including PKC, JNK, and c-jun activation, which results in modification of collagen type IV expression (83) .
Fibroblast growth factor receptor 4 (FGFR4).
Oxidative stress is an important factor in the pathogenesis of bronchopulmonary dysplasia in infants, possibly due to upregulation of fibroblast growth factor receptor-4 (FGFR4) (84) .
BRCA1 tumor suppressor gene. The breast cancer suppressor BRCA1 stimulates antioxidant gene expression and protects cells against oxidative stress (85).
Specific expression of HNF-1ß and its downstream targets in cEOC
cEOC are often associated with endometriosis (9) . Recent studies have noted specific expression of HNF-1ß in endometriosis and CCC, suggesting that early differentiation into the clear cell lineage takes place in the endometriosis (8, 86) . Several significant common pathways observed in cEOC overlap the datasets identified in genes involved in HNF-1ß and its downstream pathway (8) ( Table I and Fig. 1 ). Twentytwo (40.7%) of the 54 genes predominantly identified in cEOC were involved in downstream targets of HNF-1ß (8, 12, 13) . A redox-sensitive subset of cEOC genes linked to oxidative and detoxification pathways was identified and associated with HNF-1ß-specific downstream targets. HNF is a homeobox transcription factor that functions during human embryogenesis (87) . HNF-1ß is expressed in the liver and kidneys and plays an important role in organogenesis of the urogenital system (88) . It is thought that HNF-1ß induces anti-apoptosis, glycogen storage, and detoxification through transactivation of its target genes (8) . We summarize that, at the cellular level, HNF-1ß has been presumed as a common protective mechanism in the oxidative stress situations.
Several genes have been reported to be upregulated by HNF-1ß. These include nicotinamide N-methyltransferase (NNMT), Annexin A4 (ANXA4), UDP-glycosyltransferase 1 family polypeptide A1 (UGT1A1), FXYD domain-containing ion transport regulator 2 (FXYD2), tissue factor pathway inhibitor 2 (TFPI2), mitogen-activated protein kinase kinase kinase 5/apoptosis signal-regulating kinase 1 (MAP3K5/ ASK1), glucose-6-phosphatase (G6Pase), glucokinase (GK), glucose transporter type 2 (GLUT2), and mTOR.
Nicotinamide N-methyltransferase (NNMT) . N-methylation is one method by which drugs are metabolized and detoxified by the liver. NNMT is responsible for this enzymatic activity. HCV-related core protein may play a role in the pathogenesis of fibrosis and hepatocellular carcinoma (89) . HCV infection can produce excess amount of core protein in hepatocytes, which leads to oxidative stress, and subsequently upregulates NNMT, one of the cellular antioxidant defense mechanisms.
Annexin A4 (ANXA4). ANXA4 belongs to the annexin family of calcium-dependent phospholipid binding proteins. Oxidative stress induces specific upregulation in ANXA4 expression that may be critical for the induction of apoptosis and necrosis by d-galactosamine in cultured human hepatocytes (75) .
UDP-glycosyltransferase 1 family polypeptide A1 (UGT1A1). UGT1A1 is an enzyme of the glucuronidation pathway that transforms small lipophilic molecules into water-soluble, excretable metabolites. Oxidative stress induces UGT1A1 through the Nrf2-Keap1-dependent signaling pathway (90) .
FXYD domain-containing ion transport regulator 2 (FXYD2). The gene nomenclature for the family is FXYDdomain containing ion transport regulator. FXYD2 is known as the gamma subunit of the Na,K-ATPase, which regulates the properties of that enzyme. FXYDs play a role as components of Na-K-ATPase to cellular stress (91) .
Tissue factor pathway inhibitor 2 (TFPI2). The presence of chronic viral hepatitis is a novel determinant of the increased oxidative stress as well as the disturbances of coagulation/ fibrinolysis (TF/TFPI) system in haemodialysis patients (92) .
Mitogen-activated protein kinase kinase kinase 5/apoptosis signal-regulating kinase 1 (MAP3K5/ASK1). Apoptosis signalregulating kinase 1 (ASK1) is a member of the mitogenactivated protein kinase kinase kinase family, which activates c-Jun N-terminal kinase and p38 in response to a diverse array of stresses such as oxidative stress (93) . ONCOLOGY REPORTS 23: 1193 -1203 Glucose-6-phosphatase (G6Pase). Glucose-6-phosphatase (G6Pase) is located in the endoplasmic reticulum and catalyzes hydrolysis of G6P to glucose and phosphate. G6Pase was susceptible to inactivation by iron, and was an excellent marker for oxidative stress (94) .
Glucokinase (GK). Glucose metabolism was increased in pancreatic ß cells by enhancing glucokinase (GK) activity (95) . Increased glucose metabolism generates oxidative stress and impairs cell function and survival.
Glucose transporter type 2 (GLUT2). GLUT2 is also known as a SLC2A2 solute carrier family 2. Oxidative stress may contribute to the deterioration of ß-cell function found in diabetes (96) . Insulin, GLUT2, and GK are ß-cell-specific genes.
mTOR. Although there are no data on the direst role of HNF-1ß in mTOR signaling, mTOR kinase and signalling through mTOR are highly sensitive to suppression of HNF-1· function (97).
Conclusions
Herein we review the role of redox-dependent signaling pathways and transcription factor HNF-1ß that might regulate tumorigenesis of cEOC. Oxidative stress contributes to tumor initiation and progression solely by inducing genomic instability via direct interactions of a prolonged exposure to oxidative stress (98) . Recent studies indicate that ROS are upregulated in tumors and can lead to aberrant induction of signaling networks that cause tumorigenesis and metastasis (21) . Common molecular mechanisms may exist in oxidative stress-induced carcinogenesis, since the localization of oxidative DNA damage is not random (21) . The carcinogenicity of iron has been demonstrated in animal models, and epidemiologic studies have shown associations with several human cancers. Free iron is a pro-oxidant and can induce oxidative stress and DNA damage. For example, excess body iron stores or elevated dietary iron intake may increase the likelihood that free iron contributes to increased risk of breast cancer (99) . In animal models, iron induces oxidative damage, which subsequently leads to renal cell carcinoma (RCC) (100). Furthermore, exposure to asbestos fibers has been associated with malignant mesothelioma in humans. Phagocytic cells that engulf asbestos fibers produce large amounts of free radicals and iron-containing asbestos fibers appear more carcinogenic (101) . Therefore, the ironmediated oxidative stress is considered to be a pathogenesis of cEOC.
Ovarian hemorrhage carries highly pro-oxidant factors, such as blood containing iron into the ovarian endometrioma (102) . Severe hemolysis occurring during the development of endometriosis results in high levels of free iron (14, 22) . Several important endometriosis-specific genes overlap with those known to be regulated by iron (8) . Iron may have a significant impact on endometriotic cell gene expression. It has been experimentally shown for the first time that abundant free iron in the contents of endometriotic cysts was associated with oxidative stress and subsequent DNA damage (102) . Clinical observation suggests that the most important and specific causal factor for the development of cEOC may be an exposure to blood for a long latency period (9, 14) . The molecular pathology of cEOC may involve genetic alteration by iron-induced oxidative stress. In fact, several multigene families of carcinogenesis, progression and developmental control genes have been identified (Table I ). The question is what is the main modulator of this disorder. The specific genes upregulated in cEOC were HNF-1ß, DPPIV, osteopontin, ACE2, FXYD2, TFPI2, NNMT, LITAF/PIG7, RBPMS, ANXA4, UGT1A1, GLRX, ASK1, G6Pase, GLUT2, and GK (8) . The possible genes included in the profiles of HNF-1ß target genes are DPPIV, osteopontin, ACE2, FXYD2, TFPI2, NNMT, LITAF/PIG7, RBPMS, ANXA4, and UGT1A1 (Table I,B) . Therefore, the majority of the genes upregulated in cEOC are HNF-1ß and its downstream targets, suggesting that HNF-1ß is a distinct molecular signature for pathophysiology of cEOC. HNF-1ß has been implicated in the regulation of detoxification, glycogen accumulation, and survival. The findings of this review are not only of fundamental importance in the understanding of the pathophysiology of cEOC, but also essential for the development of new therapeutic strategies.
It became apparent that oxidative stress can initiate cell demise by apoptosis, but also prevent cell death by provoking adaptive responses that, in turn, facilitate cell proliferation or angiogenesis, thus contributing to tumor progression. In the vast majority of endometriotic cells, the context of genetic alterations will shape the role of oxidative stress to affect susceptibility of cells to undergo oxidative stress-induced cell death. However, the remaining endometriotic cells implying the acquisition of resistance to cell death allow adaptation and progression towards malignancy. Targeting of oxidative stress may be an effective strategy to overcome carcinogenesis and progression of cEOC. In cEOC, a number of defense systems have evolved to combat the accumulation of iron-induced oxidative stress (70) .
Several antioxidants have been developed to prevent carcinogenesis and cancer progression and are currently in clinical studies. In the experimental studies, antioxidants including vitamins, ß-carotene, and selenium may reduce oxidative damage and prevent cancer (103) . However, clinical studies showed that antioxidant supplements do not exert any significant effects against the development of cancer. There are additional compounds which afforded protection against induced oxidative stress, most probably by means of an iron-chelating mechanism. These include a phenolic compound (o-phenanthroline) (104), a novel metal chelator (Tachpyr, N,N'N''-tris(2-pyridylmethyl)-cis,cis-1,3,5-triaminocyclohexane) (105), flavonoid (106) , which offer a possibility for overcoming oxidative stress and subsequent carcinogenesis. Since iron-induced oxidative stress and inefficient repair could be related to DNA damage and probably to carcinogenesis, modulation of these processes by antioxidants might be relevant in further prevention of cEOC. These candidates warrant further study for use in risk assessment and/or as therapeutic targets in cEOC.
